Introduction: Bilateral vestibulopathy is an important cause of imbalance that is misdiagnosed. The clinical management of patients with bilateral vestibular loss remains difficult as there is no clear evidence for an effective treatment. In this paper, we try to analyze the effect of chronic electrical stimulation and adaptation to electrical stimulation of the vestibular system in humans when stimulating the otolith organ with a constant pulse train to mitigate imbalance due to bilateral vestibular dysfunction (BVD). Methods: We included 2 patients in our study with BVD according to Criteria Consensus of the Classification Committee of the Bárány Society. Both cases were implanted by using a full-band straight electrode to stimulate the otoliths organs and simultaneously for the cochlear stimulation we use a perimodiolar electrode. Results: In both cases Vestibular and clinical test (video head impulse test, videonistagmography cervical vestibular evoked myogenic potentials, cVEMP and oVEMP), subjective visual vertical test, computerized dynamic posturography, dynamic gait index, Time UP and Go test and dizziness handicap index) were performed. Posture and gait metrics reveal important improvement if compare with preoperartive situation. Oscillopsia, unsteadiness, independence and quality of life improved to almost normal situation. Discussion/Conclusion: Prosthetic implantation of the otolith organ in humans is technically feasible. Electrical stimulation might have potential effects on balance and this is stable after 1 year follow-up. This research provides new possibilities for the development of vestibular implants to improve gravitoinertial acceleration sensation, in this case by the otoliths stimulation.
Introduction
The main functions of vestibular system are to adjust head, neck, and trunk positions to maintain balance and gait and to adjust head and neck movements to maintain images at the fovea.
Bilateral vestibulopathy (BVP) or bilateral vestibular hypofunction is an important cause of imbalance that is frequently misdiagnosed. Individuals with BVP report experiencing chronic unsteadiness and vertigo when being in an upright position and walking, and these symptoms may become more severe with head motion and darkness. Bilateral vestibular dysfunction (BVD) has a prevalence of 16-28 cases per 100,000 individuals and is important in the elderly, as it produces more secondary effects in this group. Despite their severe impact on patients' daily life, vestibular function cannot be restored in a high number of patients, and vestibular implants (VI) improve the health state of only some patients. Many studies carried out in animals and humans lead to the concept that restoring vestibular function by electrically stimulation of the vestibule can be useful. At this point, most of the research has been focused on developing VI to be placed in the semi-circular canal ampullae. However, no attempt has been made to chronically stimulate the otolith organs in humans [Sprinzl and Riechelmann, 2010; Ward et al., 2013; Della Santina et al., 2017; Hedjoudje et al., 2019] .
The clinical management of patients with bilateral vestibular loss remains difficult, as there is no clear evidence of an effective treatment. Additionally, it must be considered that many dizzy patients may suffer from different conditions that must be considered during their evaluation and treatment.
The otolith organ consists of 2 areas: the utricular sac and the saccular sac. Each of these sacs contains a plate of specialized receptor hair cells and connective tissue called macula. The utricular and saccular maculae are placed approximately perpendicular to each other. The saccule and utricle respond to linear acceleration and to gravity: the saccule senses acceleration in the sagittal plane and the utricle senses acceleration in the horizontal plane. With the head erect (head-up position), the utricular macula is tilted by about 30 degrees (open anterior) with respect to the horizontal plane of the head, whereas the saccular macula is nearly vertical. The spontaneous activity of the primary otolithic afferents is highly regular in some afferents, whereas it is highly irregular in others. In addition, there is a continuum of regularity between these extremes. Physiological responses are closely related to this dimension of regularity. Irregular neurons show a strong response to changes in linear accelerations, while regular neurons show a faithful response to maintained linear accelerations [Goldberg and Fernandez, 1984; Curthoys et al., 2018] .
The superior vestibular nerve carries impulses from the utricle and semicircular canals to the vestibular nucleus, and then, these impulses travel through the medial longitudinal fasciculus mainly to the oculomotor nucle-us. It stimulates mainly the oculomotor nucleus and the medial rectus and inferior oblique. The inferior vestibular nerve carries impulses from the saccule to the medial vestibular nucleus and is related to the vestibulospinal tract, which carries these impulses to the spinal accessory nucleus. This nucleus innervates the sternocleidomastoid and the vestibulo-collic reflex related to maintain neck musculature in relation to head position [Brodal, 1974] .
For the purpose of this study, and focusing on surgical aspects, it is also important to understand the anatomical relation of the otolith organ and the stapedial footplate. With respect to the distances from the stapedial footplate to the vestibular end organs and cochlear duct, they range from 1.9 to 2.4 mm to the utricle, and from 1.7 to 2.1 mm to the saccule, while the distance between the cochlear duct and the inferior border of the footplate is around 0.2 mm [Pauw et al., 1991] .
The vestibular electrical stimulation tries to produce "artificial" neural patterns to the central nervous system that are similar to those coded by the normal system. In healthy subjects, the vestibular nerves fire spontaneously at a rate of about 90 action potentials per second in the absence of movement (15, 16) . Electrical stimulation of the utricular nerve in cats causes a distinct pattern of eye movement: a torsion of both eyes in which the upper poles of the eyes roll away from the side being stimulated because of the activation of the contralateral inferior oblique and ipsilateral superior oblique muscles. Complementary, studies have shown that unilateral section of the vestibular nerve causes torsion of both eyes toward the operated side. In natural head movements, the otoliths are activated and generate compensatory eye and postural responses [Curthoys et al., 1991] .
Another interesting aspect of this VI research is to generate evidences on vestibular function research, particularly by providing selective and direct access to the otolith end organs structures.
Objective
The objective is to analyze the effect of chronic electrical stimulation and the adaptation to electrical stimulation of the vestibular system in humans when the otolith organ is stimulated with a constant pulse train to mitigate imbalance due to BVD.
Preliminary results will be presented regarding vestibular testing and clinical aspects, and mainly focused on spatial orientation, balance, posture and gait of 2 patients with otolith chronic electrical stimulation.
The current study was conducted with the approval of the Ethics Committee of our hospital (CEIm-CHUIMI 2017/956) and performed in accordance with the 1964 Helsinki Declaration and its later amendments or comparable ethical standards. All patients provided written informed consent before participating. All the procedures involving human participants were in accordance with the ethical standards of our institutional research committee.
Two patients matching the following criteria were included in our study: being older than 18 years, presenting BVD according to Criteria Consensus of the Classification Committee of the Bárány Society. In both cases, supervised rehabilitation sessions, in addition to a daily home exercise program, were used before their implantation for more than 1 year. Both cases failed to the adequate vestibular rehabilitation program and also in both cases, a profound hearing loss was found.
The exclusion criteria for this study were the following: being unable to provide consent personally, not matching cochlear implantation criteria, ossification or other inner ear anomalies that prevent full insertion of electrodes, retrocochlear or central origins of hearing impairment, medical contraindications for surgery, chronic depression, dementia and cognitive disorders, cerebellar ataxias without BVP, downbeat nystagmus syndrome, peripheral neuropathies, Parkinson's disease, atypical Parkinson's syndromes, multiple system atrophies, central gait disorders due to normal pressure hydrocephalus, frontal gait disorders, lower-body Parkinson, subcortical vascular encephalopathy or multiple sclerosis.
Subject 1 (vi/ci-1) is a man who had meningococcal meningitis for 1 year before surgery and the implantation was performed at the age of 46 in the left ear. Subject 2 (vi/ci-2) was a man who had meningitis for 15 year before surgery and received the implant in the left ear at the age of 45.
The first patient received a cochlear implant (CI) in the contralateral ear to be treated 14 months before (CI532 ® ), and the second, 14 years before (Cochlear CI24M ® ). In both cases, the left side was implanted with a Cochlear CI532 ® for cochlear stimulation (CI; although the results are out of the focus of this study) and a Straight Cochlear 24RE ST ® for Otolith organ stimulation (VI), in the same surgical procedure simultaneously. The first implantation was performed in July 2018 and the second one in November 2018 (Table 1) .
Inclusion Criteria
Both cases had BVP. For the diagnosis of BVP, we followed the Diagnostic Criteria Consensus document of the Classification Committee of the Bárány Society (21). For the diagnosis of BVP, the horizontal angular vestibulo-ocular reflex (VOR) gain on both sides should be < 0.6 (angular velocity 150-300°/s). For the diagnosis of probable BVP, the above-mentioned symptoms and a bilaterally pathological bedside HIT are required.
Radiological Evaluation
Computed tomography (CT): images were acquired by cone beam CT (RayScan M., Ray Co Ltd., Korea). Cone beam CT has been previously validated as a valuable tool for the assessment of electrodes post-cochlear implantation, as it requires less irradiation than a regular CT and shows less sensitivity to metallic artifacts. Thus, it represents a better method to identify electrode placement in the cochlea and otolith organ. We use this technique in both patients to measure the vestibule size. OsiriX software was used to collect all the images, in the DICOM file format, of the vestibule. A MatLab script was developed to extract and reconstruct the volume of the vestibule. The vestibule depths were 2.79 mm for 1 patient and 2.53 mm for the other patient.
An MRI-scan, T1 and T2 images of the cerebellopontine angle, with intravenous gadolinium contrast was performed in order to evaluate the patency of the labyrinth and nerve structure analysis. Inner ear fluid space images and positive perilymph/positive endolymph images were acquired by using a 1.5-tesla unit. Removal of the magnet of the contralateral side was not required.
Three-dimensional (3-D) images were constructed semiautomatically by using both anatomical and tissue information and by fusing the 3-D images of the inner ear fluid space. Custom made software was developed to construct semi-automatically 3-D meshes of the inner ear of the patient and the vestibular electrode array. The reconstruction procedure was based on the following 5 stages: 1. Inner ear location. 2. Volumetric reconstruction of bonny structures. 3. Volumetric reconstruction of electrode. 4. Cleaning mesh manually. 5. Superimpose anatomical structures and electrode array.
For that proposal, OsiriX MD [Rosset et al., 2004] software was used for the volumetric reconstructions of the different structures. MeshLAB [MeshLab 2008] software was used to clean the meshes.
Surgical Procedure Stimulation Technique and Surgical Approach
A full-band straight electrode, CI24RE (ST), from Cochlear Ltd (Lane Cove, NSW, Australia) was used. This electrode array has a diameter of 0.4 mm on the apical part. Each electrode has a cylindrical band of 0.3 mm width and 0.4 mm diameter on the tip. The interelectrode space is 0.2 mm on each lead. Full-band electrodes were selected to assure that the electrodes were facing the closest area of neural tissue related to the saccular area. For the cochlear stimulation, a Cochlear CI532 ® (Cochlear Ltd., Sydney, NSW, Australia) perimodiolar electrode with a diameter of 0.35-0.4 mm at the tip and 0.45-0.5 mm at the base was used. It has 22 half banded platinum contacts and 3 white markers to control insertion depth (Fig. 1) .
The same surgeon performed all procedures (A.R.M.). Enlarge retroauricular approach was performed. Then, after identifying the temporalis muscle, a flap was developed following the same principles as in standard CI surgery. Cortical mastoidectomy extended to the attic was performed. As anatomical landmarks sigmoid sinus, incus and lateral semicircular canal were identified. As cochlear implantation is performed simultaneously, posterior tympanotomy is performed at this time with a clear exposure of the long process of incus, stapes and oval window.
Two different and independent subperiosteal pockets were performed: one at 90° of the pinna and the second at 180°. In both cases, a CI532 ® CI was inserted first. Once it was inserted and tested, VI was inserted. Opening of the vestibule was performed by performing a 0.5 mm stapedotomy with CO 2 laser just medial and inferior to the anterior crura of the stapes in order to reach the closest area to inferior vestibular nerve afferent near the saccule macula. Saccule macula is located on the antero-inferior region, presenting a mean distance from the oval window of 1.4 mm (minimum of 0.8 mm). Utricle is located on the postero-superior region 1.4 mm form the oval window (minimum distance of 0.2 mm). A maximum insertion depth of 2.2 and 2.3 mm in each case was performed, inserting the 3 first contact of the vestibular component ( Fig. 2) .
During the surgical procedure, the facial nerve was monitored with the Nerve Integrity Monitor 2tm system (Medtronic, Minneapolis, MN, USA).
Fixation of both implants was made independently, and a "Three-point fixation" of the VI electrode array (Stapedotomy, fossa incudes, and cortical edge of mastoidectomy) was performed. No immediate postsurgical vertigo was observed. The postsurgical hospital stay was not longer than that after CI surgery. During the postsurgical stay, CT scans and 3-D reconstruction were performed to check the placement and orientation of both implants, aiming at the proximity to the lower vestibular nerve (Fig. 3 ).
Intraoperative Testing
As previously described [Ramos de Miguel et al., 2017] a "vestibular response telemetry" (VRT) software was designed by using the nucleus implant communicator library (Cochlear LTD) for Python (Python Software Foundation, version 2.4) in order to obtain electrically evoked action potentials (ECAPs) from the vestibular nerve. The software automatically evaluates all of the configurations available to find the best ECAP response. On average, total acquisition takes 10 min. The software communicates then with the speech processor to capture, process, and store the measurement data on a computer. The VRT software controls the parameters of the stimulus used to evoke and record the response to be measured intraoperatively. The VRT measurements were done after insertion of the 3 electrodes into the vestibule, and the 2 reference electrodes were correctly placed and covered by tissue. An extracochlear ball electrode on a flying lead was placed under the temporalis muscle (MP1), and a plate electrode was placed on the receiver-stimulator (MP2). Monopolar stimulation (MP) was used in all tests. We then studied the effect of different test parameters, including stimulation rate, number of repetitions, measurement delay, masker level, and masker advance. The specific test (stimulation and recording) parameters studied were the following: (1) measurement delay (80-120 ìs); (2) stimulation rate (90 or 70 Hz); (3) number of samples; and (4) number of averages (50, 100, or 150). The setup consists of a lap computer, cochlear POD interface, Nucleus Freedom processor (Cochlear Corp., Sydney, NSW, Australia), and CI24RE (ST).
Additionally, electrically ocular vestibular evoked myogenic potentials (eoVEMP) responses were recorded by using a recording system (Eclipse Interacoustic, EP25). This test was included in order to confirm the stimulation of the vestibular pathway by recording electrically eoVEMPs, by using a trigger system.
To minimize the stimulation artifacts, the developed software implements the forward-masking paradigm and involves a sequence of conditions: probe-only (A), masker followed-by-probe (B), masker-only stimuli (C), and no stimulation (D). The probeonly condition yields the desired neural response plus an artifact from the probe. The masker-and-probe condition with an appro-VI/CI1 VI/CI2 CI priate masker advance yields stimulus artifacts for both masker and probe, and the neural responses to the probe are absent or decreased because of the forward masking. The masker-only condition yields only the masker artifact. After the recordings of each of these 4 stimulation conditions were performed, extraction of the ECAP from the stimulus artifact was accomplished by using the subtraction method (A, [B, (C, D) ]) to cancel the large masker stimulus artifacts found in each condition, and this allows one to extract the relatively small neural response.
In order to obtain the neural responses, a second test using Cochlear's Custom Sound Evoked Potential Software tool (version 5.2) was used. The basic parameters used to create the stimulus in channels 20-21 and 22 of the electrode beam were the following: Recording active electrode Prb Act E + 2; Probe Indifferent Electrode MP1; Probe current level (CL) ≥200; Probe Pulse Width 40 µs; Probe Rate 40 Hz; Recording Indifferent Electrode MP2; Gain 50 dB; Delay 122 µs; Number of Sweeps 50; and Measurement Windows 1,600 µs (Fig. 4) .
Electrically Ocular Vestibular Evoked Myogenic Potentials
In order to record eoVEMPs (responses attributed to the utricular-ocular reflex pathway) simultaneously with the vestibular ECAP, electrical oVEMPs were performed intraoperatively. A trigger synchronized both systems. In this study, ocular vestibular-evoked myogenic potentials were obtained from both participants by using Eclipse EP 15/EP25/VEMPS (Interacoustics AS, Assens, Denmark system). Responses were collected and analyzed by using a 2-channel surface electrode montage and Eclipse Interacoustic EP25 4.4 VEMP 4.3 recording platform. In order to determine the accuracy of the calibration method, the active electromyogram (EMG) electrode was placed over the medial inferior oblique muscle edge contralateral to the stimulated ear, and the reference electrode was placed on the cheek 1 cm below. Then montage ground electrode was placed on the mid-forehead. Impedance was kept below 5 kOhms.
EMG signals were band pass filtered (1-3,000 Hz) and recorded in a 25-50 ms window relative to stimulus onset. No online artifact rejection was used. For all eoVEMPs tests, 2 or more trials (100 sweeps each) were obtained. When such responses were not identified after 2 trials, testing was ended. The maximum intensity levels were set from 120 to 220 CL, with a 20 CL stepsize, for both single 57 ìs biphasic electric pulses (25 ìs/phase with a 10 ìs interphase gap). The eoVEMPs tests were first conducted by using electrode 22 and then were repeated by using the other inserted electrodes 21 and 20.
The facial nerve was monitored in all the subjects, and no cross stimulation of the facial nerve was observed in any of these cases.
Postsurgical Measurement and Processor Activation
During the activation process, both patients described a feeling of surprise, then a sensation of comfort and stability while they stay seated when the activation process was performed. When the increase of the stimulation sensation was excessive, they felt unexpected motion sickness without nausea.
Vestibular stimulation is composed of a constant pulse train of the 3 inserted electrodes. This makes the use of external sensor unnecessary even when the patient is in dim light. The objective of this stimulation is to provide a vestibular activity that masks the absence of stimulus consistent with the forces perceived by the patient and allows the rest of the balance system (vision and proprioception) to maintain balance.
We use a monopolar stimulation of the electrodes ICE22, ICE21, and ICE20 against ECE1 + 2. The stimulus is a biphasic pulse of 25 us per phase and 8 us of Inter-Phase gap at a stimulation frequency of 900 pps. The dynamic range for each patient is 1 CL (as it will be described afterwards) to achieve a constant stimulation in the 3 electrodes involved. AutoNRT measurement was carried out with the basic parameters of the Cochlear Custom Sound Evoked Potential Software version 5.2.
As standard, an ACE (RE) coding strategy, an MP1 + MP2 stimulation and a maximum of 8 were used, so 8 channels activated (from 15 to 22) were kept, maintaining channels from 15 to 19, CL values threshold (T) = 1, dynamic range (RD) = 1, and comfort level (C) = 3. The channels in which responses were obtained were those used to provoke the stimulus. In both patients, channels 20-21 and 22 were selected, assigning as threshold T the minimum value of subjective perception of the patient RD = 1 and C = +1, speed of stimulus of 900 Hz although we considered changing later to 1,200 Hz given that in both patients the neural responses were above 200 CL, which allowed us to low C levels. In both patients, with respect to channel 22, 205 Hz was assigned to the frequency allocation table.
The same "C" and a RD of 1 value were used in all 3 channels 20-22. The stimulation was started with a value of 70% of the value of the postsurgical neural response (this percentage oscillated between 70 and 90%) monitoring the patient's nystagmus through the Videonystagmography testing. The 3 channels were increased simultaneously in 2 CL step keeping always an RD of 1, until observing with the monitoring the decrease or abolition of the nystagmus. The first MAP was recorded at this level of stimulation, creating 3 MAPS with an increment of +2 CL consecutively in the 3 channels. These MAPs were the ones that the patient had been changing every week during the study period. The 3 channels in both patients were evaluated individually, alternating them by active pairs (22-20, 22-21, 21-20) and all 3 at the same time. And it was observed that the best selection of channels (where the best results have been obtained) was when 3 channels have been used simultaneously.
The values obtained were used as a reference of indicator of perception of the minimum stimulus perceived by the patient to initiate levels C in the Programming MAP (Table 2) .
CP950 Processor (Kanso Cochlear ® ) was used by the patients for daily use (16 h/day) and CP910 processor (Cochlear ® ) was used during programming and measurements sessions in the hospital.
For the CI, we used the SD method. In both cases, a CP950 Processor (Kanso Cochlear ® ) was used. 
Results
Posture and gait metrics of the patients reveal a mean improvement with respect to their pre-surgery situation. Oscillopsia, unsteadiness, independence, and the resulting quality of life remarkably improved, reaching values close to normality.
Clinical Evaluation
One month after the surgical procedure was performed, the vestibular and CI were alternately activated. Both subjects showed an immediate response (in a few seconds) after the activation of their VI. After continued use, they reported a perception of change 5 min after VI turned off and a residual effect for at least 5 h. The tests were re-evaluated to check the results reproducibility with a frequency of a month between sessions. With respect to side effects, only Subject 1 reported a slight increase in his previous tinnitus during VI turned on, but that disappeared after 1 month.
Vestibular Test
Video Head Impulse Test Horizontal angular VOR gain on both sides semicircular canals. Bilaterally reduced or absent angular VOR function by bilaterally pathological horizontal angular VOR gain < 0.66, measured by the video-HIT (ICS Impulse type 1085 from GN Otometrics A/S). Although, predictably, there were no expectations of changes in the VOR gain, as the stimulus was focused on the otolith organ, better VOR gain in the semicircular canals of the implanted side was observed in one of the patients. However, this was not enough to reach a normal value in normal situation, but this data must be analyzed as probably it, together with the excellent clinical response, must be considered in future research. Videonistagmography (VisualEyes TM 515/525 by Interacoustics) was used to test spontaneous nystagmus. This test was conducted with the vision-denied cover attached to the front of the mask, eliminating any possibility of fixation. In the second patient, a decrease in the average slow phase velocity using VI (from 2.3 to 0.3) was obtained. As an important weakness we missed the initial data of the first patient after activation.
Vestibular Evoked Myogenic Potentials
Measurements of the vestibular evoked myogenic potentials (VEMPs) allow for an evaluation of the function of otolith organs and are therefore a useful addition to the neurotologic test battery. Two subtypes have been increasingly used in clinical practice as well as in research over the last years: cervical VEMP (cVEMP) and ocular VEMP (oVEMP). Both generated in response to air or bone conduction stimulus. The cVEMP is recorded by EMG electrodes over the tensed sternocleidomastoid muscles, and consists of a short-latency (13 ms from stimulus onset to response peak) positive EMG potential called the cVEMP p13-n23. The oVEMP is a small (5-10 ìV) negative potential recorded by electrodes on the skin beneath the eyes when the person looks up. VEMPs can be used to assess otolith integrity as well as vestibulo-collic and vestibulo-occular pathways [Curthoys, 2010] .
Cervical and oVEMPs are reflexes mediated by the saccule and utricle respectively. There are data confirming that oVEMPs to 500 Hz probe utricular function and cVEMPs to 500 Hz probe saccular function come from the pattern of responses of patients with vestibular neuritis, in which hearing is not affected, but vestibular function is affected [Halmagyi et al., 2010] .
In this study, cervical and ocular vestibular-evoked myogenic potentials were obtained from all participants using bilateral air conduction tone bursts with stimulus frequencies of 500 Hz. In our 2 patients VEMPs were absent before surgery and, 1 month after surgery, electrical cVEMPs in the implantation side were obtained. P1 and N1 latencies were in 8-15 and 15-24 s, respectively. These results were present 6 months after that, being a testing of the activation of the vestibulo-collic reflex and, consequently, of the activation of the saccular part of the otolith organ (Fig. 5) .
Subjective Visual Vertical
Subjective visual horizontal (SVH) or subjective visual vertical (SVV): In human subjects with the eyeball in a rolled position, visual perception changes in accordance with this new torsional. Systematic deviations in SVV or SVH greater than about 2 degrees, in patients with peripheral vestibular dysfunction, are taken to indicate static otolith dysfunction. Standardized measurement of the SVH, with a dim light-bar in an otherwise totally darkened room, can give valuable diagnostic information. SVV: The visual vertical application offers the quickest and easiest to measure SVV in patients. Static SVV will be measured using the visual vertical TM (Clear Health Media, Wonga Park, VIC, Australia) application on an iPhone (Apple, Cupertino, CA, USA). The normal range of deviation is set to 2.3° in either direction of the true vertical.
In this study, Static SVV was measured by using the visual vertical TM (Clear Health Media, Wonga Park, VIC, Australia) application on an iPhone (Apple, Cupertino, CA, USA). The normal range of deviation is set to 2.3° in either direction of the true vertical. In Subject 1, a considerable improvement, (pre-surgery: -9.6° and post-surgery: -1.3°) was obtained, with a normal value. In subject 2, although he showed a better pre-surgery score, he also reached better results 1 month after the surgery (1.1 and 0.6°)
Computerized Dynamic Posturography
Computerized dynamic posturography (CDP) is an objective method of differentiating sensory, motor, and central adaptive functional impairments of balance. CDP includes the sensory organization test (SOT), the adaptation test and the limits of stability (LOS).
CDP was performed with the SMART EquiTest ® CDP 8.1 version (NeuroCom ® , USA). It allows differentiating sensorial, motor, and central adaptive functional impairments of balance including the SOT, the adaptation test and the LOS. These tests were probably the most accurate tools to evaluate functional results of VI in real life. In both patients, immediately after activate VI, they perform better in all condition obtaining, observing a progression to normal ranges or near normal level in both cases. We can check better directional control and an increase in maximum distance excursion end point, center of gravity more centered, and evident improvement of the reaction control in both patients (Fig. 6 ).
Dynamic Gait Index
Dynamic gait index was developed as a clinical tool to assess gait, balance, and fall risk. It evaluates steady-state walking and also walking during more challenging tasks. In both patients, they were reaching maximum values, especially subject 1 experienced a great evolution from the beginning, going from a figure of 8/24 before intervention to obtain the maximum value in the test after it (24/24). The second patient reached initial values of 16/24, and he also obtained the maximum value after the intervention (24/24).
The Time UP and Go test
Time UP and Go test measures the time that take to stand up from a standard armchair, walk 3 meters, turn around, walk back to the chair, and sit down again. If we consider a cutoff score of 11 s, the duration improved after surgery with normal ranges reaching a maximum of 7 s in both patients.
Dizziness Handicap Index
Dizziness handicap index measures the self-perceived level of handicap associated with the symptom of dizzi-ness. In Subject 1, a clear improvement in the perception of his disability was observed, going from a severe to a mild grade. Subject 2 started from a better situation, but and also noticed a progression to better results.
With the results described above, an evident improvement in patients' quality of life was observed after a 1-year follow-up in the first patient and 7 months in the second patient. They had improved their values in the dizziness handicap index, gait in dim light and difficult spaces, and spatial orientation reaching normal ranges in tests like the dynamic gait index and Time UP and Go test. Other improvements were also observed, such as in SOT, and its static position, obtaining an adequate center of gravity in the posturography, as well as, extending the LOS.
It is also important to consider interesting details of their daily life as relevant: Both patients restored their normal activities such as walking on unlevelled terrain (beach sand), abandoning the use of walking sticks or help from other people, being able to walk on narrow sidewalks, walking in the dark, being able to carry weight, tight shoes and complete recover the daily activities without any support. Both patients used their system 24 h/day. However, there are still aspects to be studied, such as the role played by the otolithic stimulus in the restoration of VOR, since a certain modulation in the results of the video head impulse test, as well as, in the spontaneous nystagmus in one of our patients was observed.
Audiological Results
Although this is not a matter of this study, both patients obtained good responses with the CI532 ® CI. The subjects used alternatively both systems due to interference in the processors, and they used every day the VI system and the contralateral CI, and only used both CI when stay seated (e.g., watching TV, etc.).
Discussion
Our balance system may be activated when there is a concern for movement, but it is not active only when someone is moving, but also while maintaining a balanced posture or gait. The vestibular organ senses linear and rotational acceleration of the head during active and passive motion. These signals are necessary for bipedal locomotion, navigation, and for the coordination of eye and head movements in 3-D space. The temporal dynamics of vestibular processing in cortical structures has been poorly studied in humans. Natural otolith stimulation in subjects accelerated along the main axis shows that the DOI: 10.1159/000503600 source localization gave the cingulate sulcus visual area and the opercular-insular region as the main origin of the evoked potentials, and it is essential in the processing of acceleration intensities as sensed by the otolith organs [Ertl et al., 2017] .
VI are research devices designed to rehabilitate patients with a dysfunction that impairs gaze and balance mainly in dynamic situations. Patients with BVD have a quality of life that is significantly impaired, and they can benefit from the stimulation of the otolith organ because it might have potential effects on more complex integrative behaviors, such as posture. In this research, it has been shown that a multichannel vestibular (otoliths stimulator) prosthesis can restore the vestibular sensation, as evidenced by improvements in the spatial orientation, gaze stabilization, posture, and gait. However, a key challenge is to optimize the propagation of the current beyond the otolith organ itself to the nerve branch. The otolith stimulation was performed by placing 3 electrodes in proximity of the vestibular nerve in addition to a CI.
Previous studies suggest that the implementation of a vestibular prosthesis provides partial restitution of the VOR and might also improve perception and posture in the presence of bilateral vestibular hypofunction. Good results have been reported in patients implanted with modified CI with a trifurcating array incorporating different number of electrodes per array inserted into the ampullae. Some devices were purely vestibular and others included a cochlear electrode array.
Some of these devices were conceived to act as a pacemaker that could be activated during a Meniere's crisis to regulate vestibular function in patients suffering from intractable diseases. In addition, there are new techniques that try to preserve residual hearing and, although we cannot rule out of that principle, more technical innovations must be done [Fridman et al., 2010; Golub et al., 2014; Phillips et al., 2015; Perez Fornos, 2017] .
In this study, vestibular ECAP responses were obtained after electrical stimulation of the otolith organ by using a similar stimulation paradigm as in CI. The vestibular ECAP response, which has been recorded in the human vestibular end organ, displays many of the characteristics of the compound action potential recorded in the cochlea.
It was also observed that it is possible to correlate the vestibular ECAP response with the electrically oVEMPs responses through an electrode placed in the otolith organs. The ideal location of the electrode was determined by monitoring the vestibular ECAP at slightly different places during the insertion. We observed that a minimal displacement of the electrode resulted in drastic changes in the amplitude of the responses, thus stabilization of the electrode array is necessary to obtain good responses. This also indicates that the presence of vestibular ECAP correlates with electrically eoVEMPs responses, and could be used as a sign of vestibular stimulation [Ramos de Miguel et al., 2017] .
Regarding the stimulation, although it is not well known how the stimulus in the vestibular organ can provide an effective response in the afferent vestibular nerve, many studies have been presented with different researches on this topic. A model of the primate labyrinth has been recently made from 3-D reconstruction images to study the spread of prosthetic current in the inner ear and to facilitate design of electrode arrays and stimulation protocols for a VI system, which offers important data of the spread and the effect of the stimulation [Hedjoudje et al., 2019] .
The role of the otoliths in human (utricle and saccule) in the global function of the vestibular function has not been widely studied and it is difficult to determine [Curthoys, 2010; Curthoys et al. 2018] .
Nystagmus can be affected by gaze positions. However, there are still doubts to be solved, such as the role played by the otoliths stimulus in the restoration of VOR, since a certain modulation in the results of the video head impulse test and in the spontaneous nystagmus in one of our patients was observed. With respect to the relation with the VOR, a recent study examining the role of the otoliths in adaptation of the VOR in an animal model shows that otoliths do not contribute to the adaptation of the normal angular VOR, as it has been shown during the activation in our patients. However, the otoliths provide the main cue for gravity context-specific VOR adaptation, and also may have some effect in the spontaneous nystagmus, that also has been observed in our study [Khan et al., 2019] .
In addition, it is important to consider that many authors confirmed that imbalance is a common cause of morbidity following CI. In most cases, it is not correlated with reductions in VOR gain and suggests that the underlying lesion may be isolated to other vestibular end organs as otolith organs [Rubinstein et al., 2012; Shute et al., 2018; Imai et al., 2019] .
Future Work
These results indicate that electrical stimulation of the vestibular nerve, by using an otolith stimulation approach, has a significant functional impact on balance and everyday tasks such as walking, and fall prevention. The concept presented in this research has the potential to restore Chronic Electrical Stimulation of the Otolith Organ 89 Audiol Neurotol 2020;25:79-90 DOI: 10.1159/000503600 the vestibular function and could have a central role in improving the quality of life of BVL patients, but future research is needed in order to improve our knowledge: − A new multicentre study using a new device in order to stimulate simultaneously cochlear and otolith organ will be developed in the next months (Horizon2020 Fet Open. Grant Agreement No. 8 0 1 1 2 7. Project Acronym: BionicVEST). − Preservation of the vestibular and hearing function will be a crucial issue and substantial efforts must be put into the design of new electrodes and surgical approaches − Analyze the specificity of stimulation targeting the different branches of the vestibular nerve, including the saccular, utricular and semicircular canals − Improve the specificity of the stimulus and the sensors to provide a better result.
Weakness
This study has been conducted on a much reduced number of patients, as the authorization of new procedure had to be obtained, and it was limited to 2 patients. Now, our group is authorized to include a third patient in this preliminary study and also, with a new research prototype device, a multicenter study will include 12 more patients.
Conclusion
Prosthetic implantation of the otolith organ in humans is technically feasible. Electrical stimulation might have potential effects on balance and this is stable after 1
year follow-up. This research provides new possibilities for the development of VI to improve the gravito-inertial acceleration sensation, in this case, by the otoliths stimulation.
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